To what extent the risks of neonatal morbidities are directly related to premature birth or to biological mechanisms of preterm birth remains uncertain. We aimed to examine the effect of exposure to amniotic fluid (AF) infection and elevated cytokine levels on the mortality and pulmonary, intestinal, and neurologic outcomes of preterm infants, and whether these associations persist after adjustment for gestational age at birth. This retrospective cohort study included 152 premature singleton infants who were born at ≤ 32 weeks. AF obtained by amniocentesis was cultured; and interleukin-6 (IL-6) and IL-8 levels in AF were determined. The primary outcome was adverse perinatal outcome defined as the presence of one or more of the followings: stillbirth, neonatal death, bronchopulmonary dysplasia, necrotizing enterocolitis, intraventricular hemorrhage, and periventricular leukomalacia. Logistic regression analysis was adjusted for gestational age at birth and other potential confounders. In bivariate analyses, elevated AF IL-6 and IL-8 levels were significantly associated with adverse perinatal outcome. These results were not changed after adjusting for potential confounders, such as low Apgar scores, mechanical ventilation, and surfactant application. However, the independent effect of elevated cytokine levels in AF disappeared when additionally adjusted for low gestational age at birth; consequently, low gestational age remained strongly associated with the risk of adverse perinatal outcome. In conclusion, elevated levels of pro-inflammatory cytokines in AF are associated with increased risk of adverse perinatal outcomes, but this risk is not independent of low gestational age at birth. Culture-proven AF infection is not associated with this risk.
INTRODUCTION
Early preterm birth (defined as delivery before 32 weeks) is a major cause of infant morbidity and mortality, and the determinant for these is known to be gestational age at birth (1, 2) . Among very preterm infants staying in the intensive care unit, the occurrence of bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), severe intraventricular hemorrhage (IVH), and periventricular leukomalacia (PVL) is a major concern because these morbidities are at increased risk for later death or neurosensory impairments (3) (4) (5) . However, to what extent the risks of these morbidities are directly related to premature birth or to biological mechanisms of preterm birth remains uncertain.
Evidence has shown that intra-amniotic infection and/or inflammation, defined as elevated pro-inflammatory cytokine levels in amniotic fluid (AF), is strongly associated with preterm birth in women with preterm labor or preterm premature rupture of membranes (PPROM) (6) (7) (8) . Thus, a large proportion of very preterm infants born from these women are already exposed to AF inflammation in utero. In fact, several studies have shown a systemic inflammatory response, with elevated AF cortisol levels, in the fetus exposed to infected AF (9) (10) (11) . In particular, it has been reported that AF inflammation may also contribute to the pathogenesis of adverse short-and long-term neonatal pulmonary and neurologic sequelae, especially in very preterm infants (12) (13) (14) (15) . However, most of these studies have been relatively small (13, 14, 16) , and recruited patients with non-infectionmediated preterm birth (e.g., preeclampsia) (14, 16) or premature infants with advanced gestational age as a study cohort (12, (14) (15) (16) (17) , adjusted for gestational age at enrolment but not at birth (17) , and did not consider whether AF inflammation can modify the effect of gestational age on infant morbidities (12) (13) (14) (15) (16) . As a result, studies that examined the risk of AF inflammation for infant morbidities may have concluded that AF inflammation poses a high risk for these morbidities. The purposes of this study were to examine the effect of exposure to AF infection and elevated pro-inflammatory cytokine levels on the mortality and pulmonary, intestinal, and neurologic outcomes of preterm infants, and to determine whether these associations persist after adjustments are made for gestational age at birth.
MATERIALS AND METHODS
In this retrospective cohort study, we included all consecutive women who underwent amniocentesis and their infants who were admitted to a neonatal intensive care unit (NICU) at the Seoul National University Bundang Hospital (Seongnam, Korea) between August 2004 and August 2013. The inclusion criteria were: 1) singleton gestation; 2) preterm labor or PPROM; and 3) delivery with a gestational age between 23+0 and 32+0 weeks. Exclusion criteria included major congenital anomalies, twin and higher order multiple births, and transfer to another hospital after amniocentesis. Gestational age was calculated from the first day of the last menstrual period, and confirmed by first or second trimester ultrasound. The primary outcome measure was adverse perinatal outcome defined as the presence of one or more of the following: mortality (stillbirth or neonatal death), BPD, NEC, IVH, and PVL. Additionally, we investigated the associations of 4 individual morbidity variables with AF infection and elevated cytokine levels in infants who survived for at least 30 days after birth.
AF was obtained aseptically by transabdominal amniocentesis, and was cultured for aerobic and anaerobic bacteria and genital mycoplasma according to previously described methods (18) . The remaining AF was centrifuged at 1,500 g at 4°C for 10 minutes, and the supernatant was aliquoted and immediately stored at −70°C until assayed. Interleukin-6 (IL-6) and IL-8 in stored AF were measured by an enzyme-linked immunosorbent assay human DuoSet Kit (R & D Systems, Minneapolis, MN, USA). The range of the IL-6 and IL-8 standard curves was 7.8-600 and 31.2-2,000 pg/mL, respectively. All samples were measured in duplicate. The intra-and inter-assay coefficients of variation for 2 different proteins were < 10% and < 15%, respectively. Culture proven AF infection was defined as an infection with positive cultures of AF, regardless of the inflammatory state of the AF.
Our primary explanatory variables for outcome parameters were AF culture and AF IL-6 and IL-8. The other explanatory variables investigated were maternal and infantile demographic characteristics (maternal age, parity, gestational age at birth, birth weight, and gender), cause of preterm delivery, antenatal use of medications, mode of delivery, clinical diagnosis of chorioamnionitis, Apgar scores at 1 and 5 minutes, mechanical ventilation, and surfactant application.
Diagnostic criteria and management of preterm labor and PPROM have been described in detail elsewhere (18, 19) . The following clinical definitions have also been described in detail elsewhere: clinical chorioamnionitis, BPD, NEC, IVH, and PVL (6, (19) (20) (21) (22) (23) . The severity of NEC was graded according to the modified Bell's staging criteria; and stage IIa or higher was defined as the presence of NEC (21) . The severity of IVH was graded according to the criteria of Papile et al. (22) ; and grade II-IV was defined as the presence of IVH.
Descriptive statistics were calculated to characterize all variables in the study cohort. Bivariate analysis of the association of adverse perinatal outcome with risk factors was conducted using Student's t-test, the Mann-Whitney U test, Fisher's exact test, or χ 2 test, as appropriate. The normality for continuous variables in groups was determined using the Shapiro-Wilk test. Odds ratio (OR) with 95% confidence interval (CI) was calculated for categorical variables, whereas continuous variables were summarized by the mean and standard deviation (SD) or by the median and range if not normally distributed. Multivariate logistic regression was then performed to determine the independent relationships of adverse perinatal outcome with AF infection, as well as with elevated cytokine levels, after adjusting for baseline variables showing a significant correlation or tendency towards an association with this outcome in bivariate analysis (P < 0.1). We checked for multicollinearity among the variables by using a χ 2 -test, the Pearson's or Spearman's rank correlation test and variance inflation factor (VIF). Variables with a high correlation were summarized in the analysis; gestational age at birth alone was included instead of both gestational age and birth weight, and Apgar score at 5 minutes alone was included instead of Apgar score at both 1 minute and 5 minutes. Although the AF IL-6 and IL-8 levels were highly correlated, as main explanatory variables of interest, they were analyzed in separate models. Potential interactions between independent variables were evaluated. The receiver operating characteristic (ROC) curve was used to identify the best cut-off values for independent risk factors in predicting adverse perinatal outcome. The optimal cut-off values were obtained from the Youden index maximum ([sensitivity + specificity] − 1). All statistical analyses were performed using SPSS for Windows version 20.0 (IBM Corp., Armonk, NY, USA). P values of < 0.05 were considered statistically significant.
Ethics statement
The study was approved by the Institutional Review Board at Seoul National University Bundang Hospital (IRB No. B-1105/ 128-102). All women provided written informed consent for the amniocentesis procedure and use of AF samples. The levels of AF IL-6 and IL-8 were significantly correlated with each other (r = 0.799; P < 0.001). Gestational age at birth was also significantly correlated with AF IL-6 (r = −0.270; P = 0.001), AF IL-8 levels (r = −0.306; P < 0.001), or gestational age at amniocentesis (r = 0.726; P < 0.001), whereas gestational age at the time of amniocentesis was correlated with neither AF IL-6 (r = −0.091; P = 0.263) nor AF IL-8 levels (r = −0.057; P = 0.484).
RESULTS

During
Based on the bivariate analyses (Tables 1 and 2 ), elevated AF IL-6 and IL-8 levels were significantly associated with adverse perinatal outcome, as well as with BPD and IVH. Interactions between gestational age at birth and AF IL-6 and IL-8 levels were not found for the presence of adverse perinatal outcome, as well as of BPD and IVH (Fig. 1) . The mortality, NEC and PVL were not associated with elevated IL-6 and IL-8 levels in AF. Intra-amniotic infection was not associated with adverse perinatal outcome, mortality and the 4 individual morbidity variables.
In bivariate analyses (Tables 1 and 2 ), the demographic and perinatal variables significantly associated with adverse perinatal outcome were gestational age at birth and amniocentesis, birth weight, low Apgar scores (< 7) at 1 and 5 minutes, mechanical ventilation, and surfactant application. The results for BPD and NEC were largely the same as those for adverse perinatal outcome. For IVH, an association was limited to gestational age at birth, birth weight, and surfactant application, and the asso- ciation for PVL was further limited to amniocentesis-to-delivery interval. The associations of adverse perinatal outcome, mortality and individual morbidity variables with AF infection as well as with elevated cytokine levels after adjusting for baseline parameters were compared using multivariate logistic regression analyses (Table 3) . Because AF IL-6 and IL-8 levels were highly correlated, 2 separate multivariate analyses were carried out, whereby each excluded one of these terms. For adverse perinatal outcome, BPD and IVH, elevated AF IL-6 and IL-8 levels that were significantly associated in bivariate analyses remained significant risk factors for the aforementioned 3 outcomes, when we adjusted for low Apgar scores at 5 minutes, antenatal corticosteroids, mechanical ventilation, and surfactant application (AF IL-6 [ng/mL] for adverse perinatal outcome: adjusted OR [aOR], 1.022; 95% CI, 1.005-1.040; P = 0.010; AF IL-8 [ng/mL] for adverse perinatal outcome: aOR, 1.025; 95% CI, 1.005-1.046; P = 0.016, data on BPD and IVH not shown). However, the independent effect of elevated IL-6 and IL-8 levels in AF disappeared when additionally adjusted for low gestational age at birth; as a result, low gestational age at birth remained, in regression analyses, strongly associated with the risk of an adverse perinatal outcome and BPD (Table 3 ). The range of VIF in our models was from 1.012 to 1.821 which indicated absence of multicollinearity between our explanatory variables. The area under the curve (AUC) value for gestational age at birth predicting adverse perinatal outcome was 0.879 (95% CI, 0.822-0.936), and a cutoff value of < 29.0 weeks was identified as the optimal threshold, with a sensitivity of 81.1% and specificity of 82.1%.
DISCUSSION
The principal findings of this study are as follows: 1) in bivariate analysis, elevated AF IL-6 and IL-8 levels were significantly associated with the risk of adverse perinatal outcome, but this relationship disappeared after adjustment for the gestational age at birth; and 2) culture-proven AF infection was not associated with the development of adverse perinatal outcomes. These observations are consistent with a recent study by Combs et al. (17) showing that AF IL-6 level was stronger than microbial invasion of the amniotic cavity as a predictor of composite perinatal morbidity and death, but IL-6 level was no longer predictive after adjustment for gestational age at delivery. Collectively, these findings suggest that the role of prenatal exposure to proinflammatory cytokines in the development of adverse neonatal outcomes may be overestimated, and underscored the importance of gestational age at preterm delivery to the risk of adverse neonatal outcomes in infants born at ≤ 32 weeks.
In the bivariate analyses, the risk of adverse perinatal outcome for infants exposed to elevated inflammatory cytokine levels in AF was increased, compared to those not exposed in utero. However, when low gestational age at birth was included in the multivariate model, the risk of elevated pro-inflammatory cytokine levels in AF disappeared, indicating the increased risk of elevated levels for adverse perinatal outcome may be mainly due to the large proportion of infants exposed to elevated levels who were born at lower gestational age (Fig. 1) , given the tight inverse correlation between AF IL-6 and IL-8 levels and gestational age at birth. These findings suggest that delaying delivery in women with preterm labor or PPROM might reduce adverse outcomes in infants, especially in very preterm infants born at less than 29 weeks' gestation, despite prolonged exposure of the fetus to AF infection/inflammation in utero. Several case reports should be noted, in which antibiotic therapy eradicated microorganisms in AF in some patients with AF infection/inflammation, with subsequent continuation of pregnancy near or at term (24) (25) (26) .
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GA (week) Further studies are needed to confirm whether or not prolongation of pregnancy would be beneficial for the subgroup of women with both AF infection/inflammation and threatened birth of an infant of extremely low gestational age (e.g., 22-28 weeks of gestation), if antibiotic therapy can be targeted appropriately.
Previous studies have reported an association between elevated AF pro-inflammatory cytokines and the development of BPD, independent of gestational age at birth (13, 16) . However, these studies have the limitation of a small sample size (13, 16) and the inclusion of a heterogeneous group of patients with regard to disease entity (16), cases with advanced gestational age as a study cohort (16) , and the use of diagnostic criteria that differ from new criteria (20) for diagnosis and severity of BPD proposed by the National Institutes of Health in 2001 (13, 16 ). In contrast to the results of these previous studies, we found that elevated AF IL-6 and IL-8 levels were significantly associated with the subsequent development of BPD in the bivariate analyses, but the association disappeared after adjustment for the gestational age at birth; traditional risk factors for adverse neonatal outcomes, such as gestational age at birth, rather than AF inflammation, remained significantly independently associated with BPD. Similarly, our observation of a lack of association between AF inflammation and grade II-IV IVH in gestational ageadjusted analysis, was different from the finding of only one study in which this association was investigated (15) . This discrepancy may be related to which factor was adjusted for in the analyses (birth weight vs. gestational age at birth), which cytokines were used to define AF inflammation (tumor necrosis factor-α vs. IL-6 and IL-8), and different gestational age at enrolment ( ≤ 34 weeks vs. ≤ 32 weeks). In terms of association of AF inflammation with NEC, similar explanations can be applied to the discrepancy between our study and that of Hitti et al. (15) .
The finding that positive AF cultures were not associated with adverse perinatal outcomes is consistent with previous studies (13, 14, 16 ). This observation is not surprising given 1) a recent report indicating that microbial colonization without inflammatory response appears relatively benign (17); and 2) the limitation of the standard microbiological culture technique used in the current study, which depends on many factors, including inoculum size, whether samples were obtained from an infected site, and the properties of the strains. With regard to microbial footprints in AF, a recent study in which culture and/or polymerase chain reaction (PCR) technique were used to detect Ureaplasma spp. showed that the presence of Ureaplasma spp. at the time of preterm cesarean delivery was strongly associated with BPD and IVH in preterm infants, even after adjustment for multiple risk factors (27) .
A recent study suggested a synergistic detrimental effect of gestational age at birth and histologic and clinical chorioamni-https://doi.org/10.3346/jkms.2017.32.3.480 onitis as surrogate markers for prenatal inflammation on adverse neonatal outcomes (28) . However, we did not find an interaction between gestational age at birth and elevated AF proinflammatory cytokines in association with adverse perinatal outcomes. The reason for this discrepancy may be related to the time difference at which the measured markers were taken to assess whether adverse neonatal outcomes were present. The measured markers in a previous study, which were late findings of antenatal inflammation, were assessed in samples taken at or near the time of delivery, and thus directly reflected adverse neonatal outcomes, whereas the measured markers in the current study, being early findings of antenatal inflammation, were assessed in samples taken remote from delivery. In fact, we found that gestational age at amniocentesis modified the association with elevated AF IL-8 levels on adverse perinatal outcome (data not shown).
The current study has several limitations. First, we did not use molecular techniques, such as PCR, to diagnose cases with actual AF infection that were falsely negative by standard microbiological technique for AF culture. Second, there were a relatively small number of patients in this study, which resulted in a low prevalence of certain individual adverse perinatal outcomes, such as PVL and mortality, with diminished statistical power for comparison with other groups. Third, the results of AF culture and white blood cell (WBC) counts were routinely reported to caregivers, which might affect the timing of delivery and initiation of antibiotic and tocolytic therapy. However, this bias is unlikely to change our main findings, because AF culture results take several days to become available, the results of AF IL-6 and IL-8 were unavailable to the caregivers for clinical use, and caregivers were not likely to deliver a pregnant woman solely based on the results of AF culture and WBC counts.
In conclusion, elevated levels of pro-inflammatory cytokines in AF are associated with increased risk of adverse perinatal outcomes, but this risk is not independent of low gestational age at birth. Low gestational age at birth is a major contributor to the risk of adverse perinatal outcomes. Culture-proven AF infection is not associated with the development of adverse perinatal outcomes.
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